Introduction {#s1}
============

Autism Spectrum Disorder (ASD) refers to a group of neurodevelopmental disorders of yet unknown etiology. Sensory and perceptual atypicalities are a widely acknowledged but poorly understood feature of autism. Classic hypotheses on the possible origins of perceptual deficits in ASD, the weak central coherence theory and the enhanced perceptual functioning theory suggest that a local processing bias or processing style leads to the modulated perception \[e.g., 1--2\]. A Bayesian account has recently been posited to suggest a unifying computational framework by which internal priors are underweighted ([@bib24]) or generate prediction errors that are estimated with high inflexible precision in ASD ([@bib31]). The underlying assumption in many of these models is that sensory processing itself is intact (despite the emphasis on sensory abnormalities in ASD; see [@bib31]; [@bib2]), and changes in bottom-up factors are considered quantitative, mostly referring to changes in the amount of noise (see [@bib2]). Other theories move beyond cognitive accounts, suggesting that an increased ratio of neural excitation and inhibition may give rise to autism symptomatology (e.g., [@bib28]; [@bib27]). Consistent with this hypothesis, it has been recently claimed that a reduction in the amount of inhibition through divisive normalization may lead to reduced influence of the nearby population of neurons on the activity of individual neurons ([@bib27]). According to this approach, there may be a link between divisive normalization and alterations in high-level functioning in autism, specifically involving a reduced influence of context on the interpretation of incoming sensory information. Here, we examined possible alternations in the adherence of perception in autism to Weber's law by which perceptual resolutions are normally calibrated by the immediate context of the stimuli.

Sensory encoding is calibrated according to psychophysical principles defining physical-perceptual relations. During stimulus encoding, the perceptual system constructs and continually updates a generative model of the sensory inputs it receives. A robust manifestation of this transient plasticity is Weber's law, given as Δ*I/I* = *C*, where Δ*I* is the increase in stimulus intensity to a level *I* that is required to produce a detectable change in intensity, and *C* is a constant. Sensitivity to changes in the intensities of the incoming input is thus relative, so that, for example, when a person is holding a five-pound weight, adding one pound will probably matter, but when that person is holding a fifty-pound weight, another added pound is much less likely to be noticed. This principle in perception is widely held to offer numerous functional advantages (e.g., [@bib1]), including auto-calibrating the perceptual system to the environment by tuning its sensitivity to relative metrics. The auto-calibration, in turn, maximizes the use of the limited processing range of the system, disregarding minor and insignificant changes in the input while amplifying sensitivity to significant information. In typical perception, these computations have been shown to be strikingly similar across different sensory modalities, suggesting a common processing mechanism that characterizes human adults\' perceptions in virtually all sensory dimensions (e.g., [@bib1]; [@bib8]), emerging early in life (e.g., [@bib11]).

Despite their primary role, these computations are almost entirely overlooked in autism, even though there are some indications of altered calibration mechanism of stimulus encoding in this population. More particularly, the admittedly sparse evidence demonstrates reduced adaptation for auditory tones ([@bib18]), facial identity ([@bib23]), numerosity stimuli ([@bib30]), and touch ([@bib29]), indicating a reduced influence of an associated context on a nearby stimulus. Hypersensitivity to sensory stimuli and biographical reports about the apparent lack of habituation to stimuli with repeated exposure ([@bib9][@bib10]), the lack of contextual interference (e.g., [@bib6]), and findings demonstrating that perceptual representations remain close to the input (e.g., [@bib12]) all suggest difficulties using past experiences to derive expectations of incoming sensory signals; they also suggest reduced auto-calibration of the perceptual system to its environment ([@bib24]).

We asked whether this reduced calibration in autism is evident at early stages of encoding during which sensitivity to changes in incoming stimulus is calibrated based on the immediate standard stimulation. Modulations in this calibration would suggest sensitivity to absolute rather than to relative metrics of the incoming input and might point to the very early stages of encoding as possible underlying mechanisms of altered perception. We employed three different types of magnitude judgement. Experiment one investigated possible modulations in the JND-intensity function for size reproduction in the visual domain, and Experiment two investigated weight discrimination in the haptic domain. These physical-perception relations were examined across the visual and haptic modalities to determine whether a modality-independent, low-level mechanism underlies the violation of basic psychophysics in autism. Experiment three extended the investigation to conditions where JNDs scale with the *perceived* rather than the *physical* intensities.

Results {#s2}
=======

Experiment 1: Size reproduction {#s2-1}
-------------------------------

Participants were asked to perceptually reproduce the size of a 2-D circle varying in diameter using the method of adjustment. Four different circles (diameters of 25.5, 35.5, 45.5, and 55.5 mm) were presented, one at a time. JNDs for a given size were computed in terms of the within-participant standard deviations (SDs) of the perceptual estimates for each size ([@bib8]). JNDs reflect the 'area of uncertainty' for which the observer is insensitive to the difference between the size of the comparison and the target object ([@bib8]). Weber's law (i.e., the minimum detectable increment in magnitude increases proportionally with stimulus magnitude) predicts proportional increments in JNDs with object size ([@bib12]; [@bib1]; [@bib8]). To correct for perceptual biases in size perception (see differences in estimations and actual size in [Figure 1a](#fig1){ref-type="fig"}), estimations of each size were computed correcting for biases in the overall mean of estimations for each individual, in each of the groups. Specifically, for each participant, the correction was computed as the following: (estimated size -- physical size) - (perceived grand mean- physical grand mean). Results for the raw estimation and the response bias in estimations are presented in [Figure 1a and b](#fig1){ref-type="fig"}. Below we report the results for the corrected estimations (the analysis on the raw estimations, demonstrating a similar pattern of results, is reported in Appendix 1 and in [Appendix 1---figure 1](#app1fig1){ref-type="fig"}). Data from one participant were excluded from analysis because his bias-corrected estimates were below 2.5 standard deviations of the group mean. The pattern of the results remains the same with and without his data.

![Results for Exp.1.\
(**a**) Mean estimated sizes for the different diameters for ASD individuals, TD adults, and TD children. The black dashed line indicates the real physical size. (**b**) The mean estimation bias (see text for details) is shown for the three groups. Estimations were biased towards the individual mean of estimations more for TD adults and the typically developing children than for the ASD individuals. (**c**) Weber's fractions, computed as the within-subject SDs of estimations divided by the mean estimations for each size, are depicted as a function of the circler diameters, for the two groups. Adherence to Weber was indicated by the constancy of the coefficient of variation, normalized to the perceived magnitude. Weber fractions remained constant across the different sizes, as predicted by Weber, for the TD children and adults, but not for those with ASD. Error bars indicate 95% within-subjects CI.\
10.7554/eLife.42223.003Figure 1---source data 1.Source data for Exp. 1 - Size estimation task.](elife-42223-fig1){#fig1}

ASD and age- and IQ-matched TD adults {#s2-2}
-------------------------------------

A mixed-design ANOVA with size as a within-subject factor and group (TD adults vs. ASD) as a between-subject factor was carried out on observers' estimations. As can be seen in [Figure 1a](#fig1){ref-type="fig"}, mean estimations generally scaled with the physical size of the circles, *F*(3,132) = 954.01, p\<0. 0001, η^2^~p~ =.96. However, the analysis on the mean differences between physical and estimated sizes showed that individuals with autism were more accurate than typical observers (TDs), *F*(1,44) = 5.65, p\<0.022, η^2^~p~ =.12. Overall, the latter underestimated the circle diameters. Interestingly, a mixed-design ANOVA carried out on observers' corrected estimations revealed a significant effect for group, *F*(1,44) = 7.44, p\<0.009, η^2^~p~ =.15, indicating that while the TD's estimations demonstrated 'regression to the mean,' mostly indicated by underestimation of the larger sizes, those of the ASD observers exhibited a much smaller bias ([Figure 1b](#fig1){ref-type="fig"}).

For Weber's fractions, the main measures of interest, the results revealed a striking difference between the TD and the ASD observers (see [Figure 1c](#fig1){ref-type="fig"}). Weber's fractions were computed for each individual, in each of the diameters, as the SD of estimation divided by the mean estimation. A mixed-design ANOVA with diameter size as a within-subject factor and group as a between-subject factor revealed a significant interaction between diameter size and group, *F*(3,132) = 2.94, p\<0.036, η^2^~p~ =.11. (This interaction between group and diameter size on Weber's fractions remains significant when the outlier data are included, *F(*3,135)=3.05, p\<0.03).) For the TD observers, Weber's fractions remained fairly constant across the different diameters, *F*(1,19) = 2.84, p\>0.11, indicating a clear adherence to Weber' s law. For the ASD observers, in contrast, there was a linear decrease in the fractions with disc diameters, *F*(1,25) = 13.15, p\<0.001, η^2^~p~ =.35, demonstrating a clear violation of Weber's law.

TD children and adults {#s2-3}
----------------------

When we compared the estimations of TD adults with those of typically developing children, we discovered Weber's law was already apparent in the young group. A mixed-design ANOVA with diameter size as a within-subject factor and group (TD adults vs. TD children) as a between-subject factor was carried out on observers' estimations. As can be seen in [Figure 1a](#fig1){ref-type="fig"}, mean estimations generally scaled with the physical diameters, *F*(3,105) = 481.42, p\<0.0001, η^2^~p~ =.94. A mixed-design ANOVA on the corrected estimations, (estimated size -- physical size) - (perceived grand mean- physical grand mean), revealed a significant effect of group, *F*(1,35) = 4.81, p\<0.035, η^2^~p~ =.12, indicating larger biases in the children's group. Both adults and children demonstrated 'regression to the mean'; however, the children's bias was larger than the adults' bias, in both overestimating the smaller sizes and underestimating the larger sizes ([Figure 1b](#fig1){ref-type="fig"}; see [@bib5] for similar results).

For Weber's fractions, the results revealed a very similar pattern between TD adults and typically developing children ([Figure 1c](#fig1){ref-type="fig"}). A mixed-design ANOVA was carried out on Weber's fraction (SD of estimations/mean estimations), with size as a within-subject factor and group as a between-subject factor. The analysis revealed a significant effect of group, *F*(1,35) = 50.97, p\<0.0001, η^2^~p~ =.59, demonstrating, as expected, larger fractions and overall lower sensitivity in children. The interaction between group and size did not reach significance, *F*(3,105) = 1.56, p\>0.20. JNDs scaled significantly with the circle diameters, *F*(3,105) = 11.36, p\<0.0001, η^2^~p~ =.23, in adherence to Weber, regardless of age, *F* \< 1. We found linear components for both young children and adults, η^2^~p~ =.23, and η^2^~p~ =.24, respectively, demonstrating the adherence of visual perception to Weber's law as early as four years of age (see [Figure 1a](#fig1){ref-type="fig"} in [Appendix 1 -- Figure 1](#app1fig1){ref-type="fig"}).

Critically, the flat function depicting the object size--JND relations in ASD (indicated by the decreased fractions with size) cannot be attributed to poor resolution, difficulties in task understanding, or ceiling effects. First, estimations provided by the observers with autism were more accurate than those provided by the TD observers ([Figure 1a](#fig1){ref-type="fig"}), indicating enhanced resolution in size estimations. Second, Weber fractions ([Figure 1c](#fig1){ref-type="fig"}), indicative of discrimination resolution, were not associated whatsoever with adherence to Weber's law: fractions were greater in TD children than in either ASD or TD adults, but scaled with the disc diameters in complete adherence to Weber. The differences in the shape of the function in the ASD group thus suggest modifications in the way visual information is encoded and calibrated during the very basic levels of processing.

Experiment 2: From vision to touch -- Is Weber's law also violated for haptics in ASD? {#s2-4}
--------------------------------------------------------------------------------------

To determine the extent to which the violation of basic psychophysics in autism reflects a general, low-level alert mechanism, Experiment two extended the examination of Weber to the somatosensory domain, testing the perception of weight ([@bib21]) In a procedure using the method of constant stimuli, four standards of weights were presented (300, 350, 400, and 450 g), with 12 different weights for each standard, varying in steps of 6 g. Participants were presented with two plastic water containers and were asked to indicate which was heavier. The frequency with which each comparison stimulus was judged heavier than the standard was plotted against the values of the comparison stimuli for each standard. The resulting psychometric data were fitted by a sigmoid for each standard stimulus for each participant. The JNDs were then calculated by identifying the stimulus values corresponding to 25% and 75% of comparisons chosen as heavier and then halving the difference. (Interestingly, responses on the lower part of each psychometric function (discriminating between each standard weight and its lighter comparisons) were noisier that those on the upper part of these functions. Noisier responses for the lower part of the function could be the result of a conflict between the perceptual representations and the response, in a manner similar to that found in other commonly employed perceptual paradigms (see, for example, ([@bib13]; [@bib33]). In our case, a conflict may have arisen between the response required ('which is heavier?\') and the perceptual representations of the comparisons (i.e., whether comparisons are indeed heavier). Because the standard was more extensively presented and was therefore likely to serve as a reference ('anchoring'; e.g., [@bib16]), participants were most probably evaluating the comparisons relative to this standard value. In cases where the comparisons were indeed heavier (at the upper part of the function), the response was compatible with the perceptual representation. Otherwise, a conflict emerged, leading to noisier responses.)

[Figure 2a--d](#fig2){ref-type="fig"} present the psychometric functions of a typical and an autistic participant and of the collapsed functions across participants in each group. [Figure 2e--2g](#fig2){ref-type="fig"} present the computed JNDs, Weber fractions, and PSEs for the different standards for the two groups (the complete set of individual psychometric functions appears in [Figure 2---figure supplement 1](#fig2s1){ref-type="fig"} and [Figure 2---figure supplement 2](#fig2s2){ref-type="fig"}). Preliminary analysis of the function deviations (squared distances between actual data points and the sigmoid predictions) revealed no significant differences in the reliability of functions between the groups, across all standards, t(21)=1.05), p\>0.3, for each of the standards \[for 300 g: *t*(21)=1.2, p\>0.23; for 350 g: *t*(21)=0.05, p\>0.9; for 400 g: *t*(21)=1.8, p\>0.07, and for 450 g: *t*(21)=0.32, p\>0.7\]. The analysis on the PSEs suggested that the different weights were similarly perceived by the TD and the ASD individuals, with no significant interaction between weight and group, *F* \< 1 ([Figure 2g](#fig2){ref-type="fig"}).

![Results for Exp. 2.\
Psychometric functions, plotting the proportion of trials in which participants reported the comparison as heavier, as a function of weight of the comparisons. The different functions refer to the four standards. (**a**) Data for a representative TD participant. (**b**) Data for a representative individual diagnosed with ASD. ([**c**]{.smallcaps}) All data for the typical group pooled (n = 11). (**d**) All data for the ASD group pooled (n = 12). The shaded gray areas in each graph signify JNDs for standards of 300 and 450 g. (**e**) JNDs increased linearly with weight only for the TD group. (**f**) Weber's fractions were computed as the ratio of the JNDs to the PSEs (JNDs/PSEs), computed for each weight for each participant. These fractions did not remain constant as a function of weight for ASD, violating Weber. (**g**) PSEs demonstrated accurate perception in both groups. As in the visual estimation task, TD adults showed a subtle tendency to underestimate the standard weights. Error bars in e-f indicate standard errors.](elife-42223-fig2){#fig2}

The results for the Weber's fractions replicated the pattern we found in the visual domain, demonstrating adherence to Weber only in the TD group ([Figure 2](#fig2){ref-type="fig"}). In the main analysis, we calculated Weber fractions when normalized to the perceived weight, computed as JNDs/PSE, and also in terms of the physical weight, computed as JNDs/standard weight. A mixed-design ANOVA was carried out on these Weber fractions, with group as a between-subject factor and the standard weight as a within-subject factor. The analysis revealed a significant interaction between group and the standard weight for both the JNDs/PSE and the JNDs/standard weight fractions, *F*(3,63) = 3.13, p\<0.03, η^2^~p~ =.13, *F*(3,63) = 3.17, p\<0.03, η^2^~p~ =.13.

Further analysis of this interaction confirmed Weber's law, with fractions remaining constant across the different weights for the TD group, *F* \< 1. For the autistic group, Weber's fractions decreased linearly with increased weight, *F*(3,33) = 2.87, p\<0.05, η^2^~p~ =.20, replicating the pattern observed for the visual domain. Specific comparisons testing the effects of weight on JNDs in each group showed that while for the ASD group, JNDs did not scale with weights, *F* \< 1, for the TD group they did, *F*(3,30) = 3.50, p\<0.027, η^2^~p~ =.26, with a significant linear component best characterizing their JND-intensity function, *F*(1,10) = 7.21, p\<0.023, η^2^~p~ =.42.

Experiment 3: Weber's law for illusive intensities {#s2-5}
--------------------------------------------------

Having demonstrated the lack of scaling of JNDs with *physical* intensities in ASD, we performed a third experiment to query a possible violation of Weber for *perceived* intensities. Specifically, the adherence to Weber was tested for illusive intensities by examining susceptibility to the brightness-weight illusion ([@bib32]). In this illusion, darker objects, when *observed*, are judged heavier than brighter but otherwise identical objects (presumably because of the statistics associating surface lightness and weight; e.g., a wet log is often darker and heavier). However, when darker and lighter objects are *lifted and observed,* the opposite pattern often appears, presumably because of a correction unconsciously employed, based on implicit expectations ([@bib32]). We tested TD adults (n = 21) and adults diagnosed with high-functioning autism (n = 18), all with IQs within the normal range, in a weight discrimination task using a method of constant stimuli. The standards weights were 129 gr containers colored in gray, white, or black. For each of these standards, we created a set of comparisons composed of gray containers varying in steps of 7 g. Cumulative Gaussian distribution functions were computed for each individual, plotting the proportion of trials in which the comparison was reported as heavier as a function of weight of the comparisons. For both groups, the points of subjective equality (PSEs) of the white container were shifted to the right, indicating the illusive perception of the white container as heavier. An inspection of the individual functions in the three conditions indicated that the majority of the participants in both the ASD and the TD groups exhibited susceptibility to the illusion. The critical relevant question, however, was whether JNDs of the weight discriminations scaled with the illusive perceived weights. We thus computed individual JNDs in each of the conditions (gray, black, or white standards) for those individuals in each group who showed a shift in PSEs for the black and the white standards from the gray one, resulting in a group of 12 ASD and 16 TD individuals. A mixed-design ANOVA with brightness as a within-subject factor and group as a between-subject factor was carried out on the PSEs and JNDs, derived from the individual psychometric functions. A significant effect of brightness on PSEs was found, *F*(2,52) = 16.06, p\<0.0001, η^2^~p~ =.38, that did not interact with group, *F* \< 1. This effect of brightness showed a significant linear trend, *F*(1,26) = 17.32, p\<0.0001, η^2^~p~ =.40 ([Figure 3b](#fig3){ref-type="fig"}), indicating a shift in PSEs between the functions, with smaller PSEs for black than gray, and larger PSEs for white than gray (significant linear trends appeared for both TD *F*(1,15) = 16.08, p\<0.0001, η^2^~p~ =.50, and ASD *F*(1,11) = 4.66, p\<0.05, η^2^~p~ =.33). Interestingly, a mixed-design ANOVA on the JNDs revealed a marginally significant interaction between group and standard weight, *F*(2,52) = 3.19, p\<0.07, η^2^~p~ =.09. JNDs scaled with the *perceived* weight for the TD individuals, *F*(2,30) = 3.69, p\<0.05, η^2^~p~ =.35, demonstrating a significant linear trend, *F*(1,15) = 7.73, p\<0.014, η^2^~p~ =.34. Again, in a clear contrast to the TD participants, no effect of brightness on JNDs was found for the ASD group, *F* \< 1. In other words, for the TD individuals, JNDs scaled with the *perceived* intensities as predicted by Weber's law, but for the ASD individuals, JNDs did not scale with the perceived weights. The results of this experiment strengthen the findings of Experiments 1 and 2 and extend them to suggest a violation of Weber and the atypical sensitivity of ASD individuals to the absolute changes in the incoming stimulation for *perceived* intensities, not just *physical* ones.

![Results for Exp. 3.\
(**a**) Psychometric functions, plotting the proportion of trials for which participants reported the comparison as heavier, as a function of the brightness of the standards. Both groups were affected by the illusion, overestimating the weight of the white standard and underestimating the weight of the black standard. (**b**) Both groups exhibited larger PSEs for the white standard and smaller PSEs for the black standard, compared to the gray control standard. (**c**) Only the TD group demonstrated scaling of the JNDs to the perceived weight, in adherence to Weber's law. Individuals with ASD exhibited constant JNDs across the perceived weights.](elife-42223-fig3){#fig3}

Discussion {#s3}
==========

The results show that perception in autism, in both the visual and haptic domains, does not adhere to Weber's law. Individuals with autism encode changes in the incoming input in absolute terms, demonstrating JNDs that, in clear contrast to those of TD individuals, do not scale with object magnitudes. Importantly, this violation of Weber is strikingly similar across different modalities and perceptual domains, suggesting common low-level altered mechanisms and possibly offering a parsimonious modality-independent explanation of the altered perception in autism.

The scaling of perceptual sensitivity (i.e., JNDs) with the magnitude of the stimulation, as defined by Weber, is widely held to offer numerous functional advantages (e.g. [@bib8]), including auto-calibrating the perceptual system to the environment by tuning its sensitivity to relative metrics. This auto-calibration normally makes maximal use of the limited processing range of the system, disregarding minor and insignificant changes in the input while amplifying sensitivity to significant information. The violation of Weber in autism demonstrates disruptions in such processes, producing perceptual representations that remain closer to the input. Our finding is consistent with the recently reported reduced adaptation effects ([@bib18]; [@bib30]) but suggests that not only does perception in autism not calibrate itself to past experience and related context but it also shows no immediate lower-stream calibration based on the stimulation itself ([@bib26]). The recording of incoming changes in absolute metrics may lead to the sensory overload often reported in these individuals (e.g., [@bib22]).

Our results provide important insights into the Bayesian account of atypical perception in autism. According to this approach, perception results from a variable weighting of the sensory input in relation to the prior, such that higher sensory uncertainty (noisier or more difficult stimuli) often lead to less weighting of the likelihood (sensed magnitude) and to stronger top-down modulations (e.g., [@bib25]). The effects of perceptual priors may be stronger for larger magnitudes presumably because of increased uncertainty in the input. The lack of scaling of uncertainty in the measurement with the object magnitude we found here for individuals with autism may therefore change the variable weighting of the sensory input in relation to the prior, suggesting that the mechanism underlying the underuse of priors in this group may be related to the way the incoming sensory input is registered: the fairly constant noise in the encoded incoming input (i.e., likelihood) leading to the constant JNDs across stimulus magnitude could change the way the likelihood and its precision influence the relative weight and the utilization of the prior, leading to the modulations seen in the perceptual processing of those with autism.

In terms of the *predictive coding* theory of autism, which is equivalent to the Bayesian approach but replaces sensory evidence with predication errors such that incoming information is put in context from the very start ([@bib31]), modulations in Weber's law may provide evidence for the claim that individuals with ASD show inflexibly high precision in their prediction errors. The mechanism by which the perceptual system constructs and continually updates a generative model of the sensory inputs it receives (i.e., Weber's function) meets an inflexible sensory system in ASD that minimalizes deviations from the actual incoming sensory input. Although determining the exact mechanism must await direct manipulation of likelihood and priors, our results suggest that modulations in the likelihood must be taken into consideration when taking a Bayesian approach to study perceptual atypicalities in autism.

The neural mechanism underlying the perceptual sensitivity to relative changes in the environment in accordance with Weber is unknown. It may be related to the canonical neural normalization that computes a ratio between the response of an individual neuron and the summed activity of a pool of neurons ([@bib3]). Normalization produces an analogous context dependence, where the neural representation of the value is explicitly dependent on the value of other available alternatives. It has been suggested as a mechanism that maximizes sensitivity by facilitating discrimination among representations of different stimuli and reducing redundancy. Normalization has also been proposed to be at the root of the modulatory effect of attention and other higher-order processes, such as multi-sensory integration on neural responses of various functions in the cortex. Through neural network simulations, a compelling explanation has been recently provided for the perceptual symptoms of autism in terms of a failure of divisive normalization ([@bib27]). The findings suggest that a reduction in the amount of inhibition that occurs through divisive normalization can account for perceptual consequences of autism, consistent with the hypothesis of an increased ratio of neural excitation to inhibition (E/I) in these individuals. These disturbances in the mechanisms that normally serve to contextualize neural responses are consistent with the current results demonstrating reduced calibration of changes in incoming input, and with the claim of high precision of sensory evidence in this population.

Finally, because of the fundamental nature of these computations, the modulations we documented in individuals with autism may be closely associated with their sensory symptoms. This qualitatively modulated psychophysics demonstrates disproportional responsivity to changing incoming stimulation, such that the JND-intensity function they exhibit and the deviation of this function from linear may result in larger JNDs than neurotypicals in cases of small but not larger magnitudes. In fact, if Weber's law works in neurotypicals for larger magnitudes than those used here, smaller JNDs may be expected for ASD individuals, possibly demonstrating ASD hypersensitivity to the same stimulation for which these same individuals exhibit hyposensitivity and elevated thresholds. Such a pattern may account for seemingly inconsistent findings of differences in perceptual processing between ASD and TD individuals: individual with ASD may show elevated thresholds for low intensities but comparable and even enhanced performance than for neurotypicals at higher intensities. The results may also account for the different subtypes of sensory abnormalities shown along intensities within the same individual \[e.g., hyposensitivity (higher JNDs) to some intensities but hypersensitivity to others along the same dimension of stimulation\]. Combined with individual thresholds and measures of sensory symptomatology in ASD individuals, this psychophysics may be used to identify signatures of atypical psychophysics that may, in turn, predict the symptoms of ASD and define different subtypes of sensory abnormalities (e.g., hypo- or hypersensory responders).

The results demonstrate qualitative modulations in basic psychophysical processes serving the fundamental function of transient plasticity in ASD, where the output of perceptual processes depends on absolute changes rather than on their calibration based on the immediate standard stimulation. Modulations occurring within basic computations determining the resolution power of discriminating changes in the incoming input may account for the atypical perception demonstrated in the higher-level processing and for the sensory symptoms of autism.

Materials and methods {#s4}
=====================

Exp. 1 {#s4-1}
------

### Participants {#s4-1-1}

Sixty-three persons in three groups participated in the experiment: 20 TD adults (mean age = 26.5; range = 24--30 years; 13 females), 26 adults diagnosed with ASD (mean age = 21.5; range = 18--28 years; eight females), and 17 TD children aged 4--5 years (mean age = 4.8; range = 3.9--5.1 years; 11 females; see [Table 1](#table1){ref-type="table"}) (We set the sample size in advance to match the sample size we typically use in our studies measuring perceptual processes in autism employing within-subject designs. Past experience suggests this sample size is sufficient to show clear differences between groups \[e.g., [@bib14]; [@bib12]; [@bib13]\]). Participants had normal or corrected to normal vision.

10.7554/eLife.42223.008

###### Participants' details, IQ scores, and AQ scores for Experiment 1

                N (Female, Male)   Age (range)      Approx. IQ (range; SD)   AQ (range; SD)
  ------------- ------------------ ---------------- ------------------------ ---------------------
  ASD           26 (8,18)          21.5 (18--28)    107.73 (82-125; 15.37)   23.21 (16-39; 8.16)
  TD Adults     20 (12,8)          26.5 (24--30)    117.35 (95-120; 8.25)    16.50 (5-22; 4.80)
  TD Children   17 (11,6)          4.8 (3.9--5.1)   \-                       \-

ASD diagnosis was confirmed by previous diagnoses based on the ADOS-G ([@bib19]). Participants also completed the short Hebrew version of the Wechsler Intelligence Scale (WAIS-III/WISC-IV) to assess IQ. The short version ([@bib17]) includes both verbal and performance intelligence tests shown to yield reliable scores in ASD ([@bib20]). The approximated IQ scores were obtained by summing the scores of all four tests, multiplying the sum by 1.6, and adding 36 ([@bib19]). The IQ scores of the ASD group did not differ from those of the typical group, t(43)=1.56, p\>0.15.

Each participant (or participant's guardian, when required) provided written informed consent. TD participants were recruited through advertisements at the university, and ASD participants were recruited through hostels, assisted living centers, and Internet forums. All procedures were approved by the Ethical Committee of the Faculty of Education, University of Haifa. Adults who were students at the University of Haifa received course credit, children received a gift card, and individuals with ASD were paid 50NIS per hour to compensate them for their time.

### Stimuli and procedure {#s4-1-2}

The experimental protocol was approved by the local Research Ethics Committee. The procedures were explained, and informed consent was obtained from the adult participants and from the parents of the children. At a viewing distance of approximately 50 cm, participants were asked to adjust a comparison 2-D circle, presented on one side of the computer display, to match a standard 2-D circle appearing on the other side of the screen by using the mouse wheel. Four disc sizes (from a sitting distance of 60 cm, the diameters subtended visual angles of 2.43, 3.39, 4.34, and 5.30°) were presented, one at a time. The diameter of the comparison circle varied across trials with two possible sizes randomly determined for each trial. One was 10 pixels smaller than the smallest standard, and the other 10 pixels larger than the larger standard. Presentation order was pseudorandomized, and each size was repeated 16 times. Participants were asked to respond as accurately as possible. Six practice trials were given before the actual experiment to ensure participants understood the task.

Exp. 2 {#s4-2}
------

### Participants {#s4-2-1}

Twenty-three new participants in two groups participated in the experiment: 12 TD adults (mean age = 23.6; range = 20--26 years; four females) and 11 adults diagnosed with ASD (mean age = 28.3; range = 23--30 years; three females; see [Table 2](#table2){ref-type="table"}). (We set the sample size to match the sample size we typically use in our studies measuring full individual psychometric functions in autism \[[@bib12]\] Participants had normal or corrected to normal vision.

10.7554/eLife.42223.009

###### Participants' details, IQ scores, and AQ scores for Experiment 2

              N (Female, Male)   Age (range)     Approx. IQ (range; SD)   AQ (range; SD)
  ----------- ------------------ --------------- ------------------------ ---------------------
  ASD         11 (3,8)           28.3 (23--30)   105.3 (80--120; 12.56)   25.32 (13-39; 9.21)
  TD adults   12 (4,8)           23.6 (20--26)   115.35 (95-120; 7.24)    14.50 (6-22; 5.20)

### Stimuli and procedure {#s4-2-2}

The stimuli were plastic water containers of the same size. They were filled with different volumes of water to create the standards and comparisons weight stimuli. The method of constant stimuli was used, with four values serving as standards for the determination of the JNDs: 300, 350, 400, and 450 g. The containers were opaque so that vision of the level of water was blocked. The participant sat in front of a table, at a distance that allowed both elbows to be placed on the edge of the table. In each trial, the participant was presented with two containers in rapid sequence, the standard stimulus and a comparison stimulus, and was asked to indicate verbally which of the two containers was heavier. The containers were placed approximately 15 cm apart on the table, with their positions relative to each other determined randomly for each trial. The comparison stimuli were 12 different weights for each standard, varying in steps of 6 g. For example, the comparison stimuli for the standard of 400 g varied between 364 and 436 g. Participants were asked to lift each container only once to a height of approximately 10 cm, using both hands with their elbows not touching the table. Each pair of containers (one of the four standards coupled with one of the comparisons) was repeated 12 times, resulting in 144 trials per standard and a total of 576 trials. Participants were tested in two or three separate sessions; each session lasted approximately two hours. The standards and comparisons were mixed within each session and were randomly selected. Participants could take a break after every 36 trials and were required to take a five-minute break after every 72 trials. Breaks were administered to rest the participant\'s arm muscles and to optimize engagement in the task.

Exp. 3 {#s4-3}
------

### Participants {#s4-3-1}

Thirty-nine participants in two groups participated in the experiment: 21 TD adults (mean age = 24.6; range = 19--27 years; seven females) and 18 adults diagnosed with ASD (mean age = 24.2 range=21--28 years; five females; see [Table 3](#table3){ref-type="table"}). A small group of participants in each group also participated in Experiment 2. Participants had normal or corrected to normal vision. The data of 16 TD individuals and 12 ASD individuals in this group who were susceptible to the illusion were analyzed to test for adherence to Weber's law.

10.7554/eLife.42223.010

###### Participants' details, IQ scores, and AQ scores for Experiment 3 (only for participants who were susceptible to the illusion)

              N (Female, Male)   Age (range)     Approx. IQ (range; SD)   AQ (range; SD)
  ----------- ------------------ --------------- ------------------------ ---------------------
  ASD         12 (4,8)           25.3 (21--28)   110.3 (85--120; 12.26)   27.12 (14-39; 9.21)
  TD adults   16 (6,10)          25.6 (19--27)   112.15 (95-120; 8.24)    15.50 (7-22; 5.20)

### Stimuli and procedure {#s4-3-2}

The stimuli were plastic water containers of the same size, filled with different volumes of water to create the standards and comparisons weight stimuli. The method of constant stimuli was used, where three containers with the equal weight of 129 g, colored in three brightness levels---black, gray, and white---served as standards for the determination of the PSEs and JNDs. The comparison containers for each of these standards were all gray. The containers were opaque so that participants' vision of the level of water was blocked. The participant sat in front of a table, at a distance that allowed both elbows to be placed on the edge of the table. In each trial, the participant was presented with two containers in rapid sequence, the standard stimulus and a comparison stimulus, and was asked to indicate verbally which of the two containers was heavier. The containers were placed approximately 15 cm apart on the table, with their positions relative to each other determined randomly for each trial. The comparison stimuli were 11 different weights for each standard, varying in steps of 7 g. Participants were asked to lift each container only once to a height of approximately 10 cm, using both hands, with their elbows not touching the table. Each pair of containers (one of the three standards coupled with one of the comparisons) was repeated 12 times, resulting in 132 trials per standard and a total of 396 trials. Participants were tested in two or three separate sessions; each session lasted approximately an hour. The standards and comparisons were mixed within each session and were randomly selected. Participants could take a break after every 36 trials and were required to take a five-minute break after every 66 trials. Breaks were administered to rest the participant\'s arm muscles and to optimize engagement in the task.

Data analysis {#s4-4}
-------------

In Experiment 1, the within-subject variability of estimations produced by the participants served as the main dependent measure. Within-participant standard deviations (SDs) of the perceptual estimates for each disc size were computed for each individual for each of the sizes. These SDs are found to indicate the JNDs for a given size, reflecting an 'area of uncertainty' within which the observer is insensitive to the difference between the size of the comparison and the target object ([@bib11]). Weber's law (i.e., minimum detectable increment in stimulus magnitude increases proportionally with stimulus magnitude) predicts linear increments in JNDs with object size ([@bib1]; [@bib8]).

In Experiments 2 and 3, the frequency with which each comparison stimulus was judged heavier than the standard was plotted against the values of the comparison stimuli for each standard. Sigmoid functions were fitted to the mean subject data of each individual. JND values were determined by specifying the stimuli for 25% and 75% 'heavier' responses and halving the difference.
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Exp. 1. Analysis for raw estimations {#s8}
====================================

10.7554/eLife.42223.012

ASD and age- and IQ-matched controls {#s9}
------------------------------------

Weber's fraction (Δ*I/I*), computed as the within-subject SDs of estimations divided by the actual diameters, confirmed the violation of Weber in the autistic group. A mixed-design ANOVA on Weber fractions with diameter size as a within-subject factor and group as a between-subject-factor revealed a significant interaction between group and diameter size, *F*(3,132)=3.25, p\<0.024, η^2^~p~ =.07. The fractions for the ASD group decreased linearly with diameter size, *F*(1,25) = 12.23, p\<0.002, η^2^~p~ =.33, but remained fairly constant across size for the TD group, *F*(1,19) = 1.81, p\>0.19, in complete adherence to Weber ([Figure 1b](#fig1){ref-type="fig"}).

![Exp. 1 results - raw estimations.\
(**a**) The standard deviations (JNDs) of the raw estimations as a function of the diameters for ASD individuals, TD adults, and TD children. (**b**) Weber's fractions, computed as the within-subject SDs of estimations divided by the physical sizes, remained constant across the different sizes, as predicted by Weber, for the TD groups only. Error bars indicate 95% within-subjects CI.](elife-42223-app1-fig1){#app1fig1}

TD children and adults {#s10}
----------------------

A mixed-design ANOVA on Weber fractions with size as a within-subject factor and group as a between-subject-factor revealed an expected decrease in Weber fractions with age, *F*(1,35) = 58.01, p\<0.0001, η^2^~p~ =.62. However, the interaction between group and size did not reach significance, *F*(3,105) = 2.34, p\>0.08, indicating rather constant fractions with size for both groups.

10.7554/eLife.42223.017
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In the interests of transparency, eLife includes the editorial decision letter and accompanying author responses. A lightly edited version of the letter sent to the authors after peer review is shown, indicating the most substantive concerns; minor comments are not usually included.

Thank you for submitting your article \"Perception in autism does not adhere to Weber\'s law\" for consideration by *eLife*. Your article has been reviewed by Timothy Behrens as the Senior Editor, a Reviewing Editor, and three reviewers. The following individual involved in review of your submission has agreed to reveal his identity: David Charles Burr (Reviewer \#2).

The reviewers have discussed the reviews with one another and the Reviewing Editor has drafted this decision letter to help you prepare a revised submission.

In this novel study, the authors obtain psychophysical data in three experiments to assess the presence or absence of empirical support for Weber\'s law in individuals with ASD and in typically developing individuals for basic perceptual judgments -- size and weight reproduction or dis-crimination. The authors report that Weber\'s law fails in autism, suggesting atypical normalization mechanisms.

All reviewers agree that this is an interesting, novel study. However, there are a number of serious questions and concerns regarding methodological and theoretical issues. Addressing the following points will provide information regarding the validity of the claims and strengthen the manuscript. If substantiated, this is a finding with potentially profound implications. There are very few \"laws\" in perception; thus, results showing that an atypical population exhibits no Weber-type dependence would be a significant finding.

The reporting of the data analysis and results needs to be greatly improved,

Theoretical issues:

1\) This study is really about lack of normalization (as has been shown for adaptation), yet his term appears only late in Discussion section; it would be useful to include it in the motivation. Cite the relevant paper by Rosenberg et al., (2015).

2\) Describe the meaning of Weber\'s law in the Introduction.

2.1) In the Introduction, the assumption that sensory processing in ASD is intact is mentioned. That was the case 5-10 years ago, but now there is a consensus against this assertion. See the review by Robertson and Baron-Cohen, (2017).

3\) The discussion is hard to follow and sometimes self-contradictory. For example, the Weber\'s law is described as a low-level sensory property (which is correct), but then the authors also link it to unconscious inference and top-down modulations (Discussion section).

4\) If substantiated, the reported finding has potentially profound implications, which is mentioned only at the end of the manuscript. This point should be elaborated in a more prominent place. The finding that Weber\'s law fails in autism could help explain a number of seemingly conflicting behavioral results in the ASD literature: The relative difference in perceptual performance between TD and ASD would depend on the baseline stimulus value chosen -- with individuals with ASD being worse for low intensity stimuli (e.g., low weight), have typical performance for medium intensity stimuli and perform better for high intensity stimuli. This last point is related to a methodological concern (1). In any case, the authors should either show (see below) or at least mention the prediction of better performance at the high end of stimulus values.

Materials and methods section and Results section:

1\) The authors report no evidence for the Weber\'s law in ASD (for the range of stimulus values used). The narrow range of stimulus values used -a two-fold range of visual sizes and a 1.5-fold range of weights- is enough for a proof of principle. However, to make a strong conclusion for no Weber\'s law in ASD one would like to have a wider range of stimulus values. Note that for both visual size (Figure 1C) and weight (Figure 2F) the data for ASD and TD converge for the highest intensity stimuli. What happens for even higher intensity stimuli would very diagnostic for the authors\' main conclusion. If there is indeed no Weber\'s law in ASD, then the prediction is that individuals with ASD should do better-than-typical for even higher intensity stimuli. Where the observed trend continues in the reported data (i.e., no Weber type scaling), there would be better than normal performance in ASD with a few higher level stimulus values. The impact of this paper would be much higher with a wider range of stimulus levels, as the authors would show both impairment and enhancement in the same task, and be able to explain these results with a simple common explanation. We recommend the authors conduct an experiment including a wider range of stimulus levels. However, acknowledging that this is a study with an atypical population and that it may not be easy to conduct another experiment, at least we\'d like the authors to acknowledge that they used a narrow range and to explain why they chose such a restricted range.

2\) Weber fraction is technically JND/PSE: that is, thresholds are normalized to perceived rather than to physical size. JND/Intensity is the coefficient of variation. It has become common practice to use Weber as a proxy for CoV, but this is an issue here as the authors wish thresholds to vary with perceived, illusory size (which is Weber). The authors should make very clear what they are doing here to avoid confusion. It would be acceptable to state they choose to call CoV Weber fraction in keeping with modern practice.

3\) AQ scores for the ASD group are unusually low: mean of 23, is much lower than the ex-pected mean for ASD (\~35; Ruzich et al. (2015) Measuring autistic traits in the general population: a systematic review of the Autism-Spectrum Quotient (AQ) in a nonclinical population sample of 6,900 typical adult males and females).

4\) Experiment 1, Methods:

4.1) How was the starting point of the comparison circle set? Was it always smaller or larger than the standard or randomly determined? Could the starting point of the diameter be related to the consistent underestimation in the TD group.

4.2) Is there a reason participants were instructed to respond as quickly and accurately as possible? I understand the accuracy, but why quickly? Might heightened time pressure lead to increased trial-to-trial variability?

4.3) Make more explicit that way that the Weber Fraction estimates are computed in Figure 1C, using the language from other Experiment 1 variables.

5\) Experiment 1, Results:

5.1) The statistical reporting in Experiment 1 is rather vague. Multiple F statistics are re-ported, but there is no explanation of the exact test used (one-way, mixed-design, etc.) and no explanation of the factors. Reporting of test and factors, like in subsection "Experiment 3: Weber's law for illusive intensities", is needed for Experiment 1. It is hard to interpret the statistical results without this information; for example, is the claim that there was greater accuracy in ASD, relative to TD observers (subsection "ASD and age- and IQ-matched controls"), supported by a main effect of group in a mixed-design ANOVA on the difference between mean diameter produced and objective diameter? Is this for all TD ob-servers or only the adults? What does the F\<1 in subsection "ASD and age- and IQ-matched controls"refer to?

5.2) The statistics seem to be incorrectly interpreted sometimes. It is reported that a significant interaction indicates, \"as expected, more accurate estimations for the older observers\" (subsection "TD children and adults"). But according to Figure 1A, it appears that the 4-year old participants are more accurate than the TD adults, for all points tested except the 55.5 diameter (i.e., the 4 year-olds lie closer to the physical line for all points but the last one). Why are the TD adults consistently underestimating (i.e., all points lie below the physical size line)? Why are they less accurate than the 4 year-olds TD participants? These serious concerns raise questions about the appropriateness of the adult TD group as a comparison for the ASD group. Add error bars and data markers in the figure.

6\) Experiment 2:

6.1) More information on the analysis is needed. The JND metric is described in subsection "Experiment 2: From vision to touch -- Is Weber's law also violated for haptics in ASD?", and also in subsection "Data analysis", but then a footnote seems to invalidate that description. Were the JNDs based only on the upper part of each psychometric function (Footnote 1) or using the formula provided in the text in subsection "Experiment 2: From vision to touch -- Is Weber's law also violated for haptics in ASD?"? If only the upper part was used, the justification for doing so does not seem adequate. This needs to be addressed before a complete assessment of Experiment 2 can be completed.

6.2) Experiment 2 is 2AFC yielding a cumulative Gaussian, from which they took 25 and 75% points. Why not use standard deviation (σ), so is can relate directly to the measurement of Experiment 1?

6.3) Regarding Figure 2 and Figure 2---figure supplement 1 and Figure 2---figure supplement 2, why do the \"representative subject\" functions in Figure 2 appear to be the least well fit by the functions? The data points fall very neatly on or close to the fit line in the supplementary figures, for almost all subjects, but not at all in Figure 2.

7\) Experiment 3:

7.1) The data presented in Figure 3A also raise questions. The fits in both figures look pretty bad given that these are pooled across participants. Also, and more critical, how is it the case that all of the data points lie only at proportions that are evenly spaced (i.e., 1, 0.9, 0.8, 0.7), with no intermediate points? Even if the number of trials dictate that an individual subject\'s data could only be at these values (for example if there are only 10 trials per condition), when averaged across 18 and 21 participants, it is almost impossible to get data points that are always separated by 0.1.

7.2) Again, the statistical results are hard to evaluate because it is not clear what was done. Subsection "Experiment 3: Weber's law for illusive intensities" says, \"A mixed-design ANOVA with brightness as a within-subject factor and group as a between-subject factor was carried out on the PSEs and JNDs.\" Then a significant main effect and no interaction are presented for the PSE data. But when the JND results are presented, it is not clear what each F statistic refers to. Was there an interaction? Significant main effects? It reads as if two separate ANOVAs were completed one for the TD group and one for the ASD group, but that would contradict the information presented elsewhere in subsection "Experiment 3: Weber's law for illusive intensities".

\[Editors\' note: further revisions were requested prior to acceptance, as described below.\]

Thank you for resubmitting your work entitled \"Perception in autism does not adhere to Weber\'s law\" for further consideration at *eLife*. Your revised article has been favorably evaluated by three reviewers. The manuscript has been improved. The reviewers feel that you have satisfactorily addressed many issues, but concerns remain regarding the data analysis and some missing methodological details, as outlined below. These are important, as they are the bases for the discussion and conclusions.

Please make sure to provide all methodological details and explain clearly the logic of the analysis. We will make the final decision on your next revised manuscript, without further iterations.

\- In Experiment 1 of the revised manuscript you dropped a participant from the TD adult group, who was included in the original version, because of \"overall extreme underestimation\". You should provide a quantitative justification for doing so. Would the conclusions be the same if this participant were included?

\- Are the data presented in Figure 1A the actual diameter estimations or the \"bias-corrected\" estimations referenced in the text? You should provide the justification of this bias-corrected estimation procedure, which was not mentioned in the previous version.

\- Are the Weber fractions depicted in Figure 1C computed using the bias-corrected estimates? Are the results the same without this correction? The reported values seem to have increased (roughly doubled?) in this version -- Is that due to the bias-correction procedure?

\- It reads as if the \"bias-correcting\" procedure is a response to a previous question/concern about the TD group consistently underestimating. For the data to be interpretable, it is necessary to know whether and why this bias correction procedure is necessary only for the TD group (subsection "ASD and age- and IQ-matched TD adults"). How can you assure readers that the results do not hinge on this correction?

\- Looking at Figure 1B in the revised version, it seems that the bias really only exists at the 55.5 data point, but based on Figure 1A, it seems as if the adult TD group is consistently underestimating.

\- Figure for Experiment 2 also changed (though the caption was not marked as changed). Explain how the change came about.

10.7554/eLife.42223.018

Author response

> In this novel study, the authors obtain psychophysical data in three experiments to assess the presence or absence of empirical support for Weber\'s law in individuals with ASD and in typically developing individuals for basic perceptual judgments -- size and weight reproduction or dis-crimination. The authors report that Weber\'s law fails in autism, suggesting atypical normalization mechanisms.
>
> All reviewers agree that this is an interesting, novel study. However, there are a number of serious questions and concerns regarding methodological and theoretical issues. Addressing the following points will provide information regarding the validity of the claims and strengthen the manuscript. If substantiated, this is a finding with potentially profound implications. There are very few \"laws\" in perception; thus, results showing that an atypical population exhibits no Weber-type dependence would be a significant finding.
>
> The reporting of the data analysis and results needs to be greatly improved,
>
> Theoretical issues:
>
> 1\) This study is really about lack of normalization (as has been shown for adaptation), yet his term appears only late in discussion; it would be useful to include it in the motivation. Cite the relevant paper by Rosenberg et al., (2015).

We have edited the Introduction to include the hypothesis of lack of normalization in ASD; in addition to the reduced adaptation findings as part of our motivation for the study.

> 2\) Describe the meaning of Weber\'s law in the Introduction.

We have edited the Introduction to include the definition and meaning of Weber's law at the outset, as suggested.

> 2\) In the Introduction, the assumption that sensory processing in ASD is intact is mentioned. That was the case 5-10 years ago, but now there is a consensus against this assertion. See the review by Robertson and Baron-Cohen, (2017).

We agree. We have edited this paragraph to clarify that this claim refers specifically to Weber's law and to processes determining the physics-sensation relations which have not been tested but are generally assumed to be typical in ASD by most Bayesian models.

> 3\) The Discussion section is hard to follow and sometimes self-contradictory. For example, the Weber\'s law is described as a low-level sensory property (which is correct), but then the authors also link it to unconscious inference and top-down modulations.

We have edited the Discussion section. We hope this editing clarifies our interpretation of the results. We agree that adherence to Weber's law is a low-level sensory characteristic; in fact, this was the main motivation for our research. However, we now also discuss our results in terms of the predictive coding theory of autism (Van de Cruys et al., 2014), suggesting that modulations in Weber's law may be taken as direct evidence that individuals with ASD show inflexibly high precision in their prediction errors.

> 4\) If substantiated, the reported finding has potentially profound implications, which is mentioned only at the end of the manuscript. This point should be elaborated in a more prominent place. The finding that Weber\'s law fails in autism could help explain a number of seemingly conflicting behavioral results in the ASD literature: The relative difference in perceptual performance between TD and ASD would depend on the baseline stimulus value chosen -- with individuals with ASD being worse for low intensity stimuli (e.g., low weight), have typical performance for medium intensity stimuli and perform better for high intensity stimuli. This last point is related to a methodological concern (1). In any case, the authors should either show (see below) or at least mention the prediction of better performance at the high end of stimulus values.

We now emphasize the implications of the violation of Weber in autism for understanding the seemingly inconsistent findings of modulations in perceptual processing in individuals with ASD, and also for understanding their sensory symptoms. In addition, we explicitly discuss the possibility of comparable or even higher sensitivity (lower JNDs) in ASD for higher intensities than those used here.

> Materials and methods section and Results section:
>
> 1\) The authors report no evidence for the Weber\'s law in ASD (for the range of stimulus values used). The narrow range of stimulus values used -a two-fold range of visual sizes and a 1.5-fold range of weights- is enough for a proof of principle. However, to make a strong conclusion for no Weber\'s law in ASD one would like to have a wider range of stimulus values. Note that for both visual size (Figure 1C) and weight (Figure 2F) the data for ASD and TD converge for the highest intensity stimuli. What happens for even higher intensity stimuli would very diagnostic for the authors\' main conclusion. If there is indeed no Weber\'s law in ASD, then the prediction is that individuals with ASD should do better-than-typical for even higher intensity stimuli. Where the observed trend continue in the reported data (i.e., no Weber type scaling), there would be better than normal performance in ASD with a few higher level stimulus values. The impact of this paper would be much higher with a wider range of stimulus levels, as the authors would show both impairment and enhancement in the same task, and be able to explain these results with a simple common explanation. We recommend the authors conduct an experiment including a wider range of stimulus levels. However, acknowledging that this is a study with an atypical population and that it may not be easy to conduct another experiment, at least we\'d like the authors to acknowledge that they used a narrow range and to explain why they chose such a restricted range.

We definitely agree that extending these levels to the point where JNDs are smaller in ASD than in TD would be very informative. However, because Weber's law is known to hold over the middle range of stimulus dimensions but fails near the extreme ends (e.g., Baird, 1997; Baird and Noma, 1978; Falmagne, 1986; Ward and Davidson, 1993), it was critical to stay within a range for which a clear scaling of JNDs with intensities has been demonstrated. The range of stimulus levels used in each of the experiments was chosen based on earlier data demonstrating proportional scaling of JNDs with intensities, indicating clear adherence to Weber in neurotypicals. We could not employ wider ranges, as testing already required long sessions of perceptual discrimination tasks (each experiment took two or even three separate long sessions).

In the Discussion section, we now consider the possibility that larger ranges of stimulation may have resulted in lower JNDs in ASD than in the TD group and that such a result could explain the hypersensitivity often reported in ASD even for the same stimulation to which hyposensitivity is shown.

> 2\) Weber fraction is technically JND/PSE: that is, thresholds are normalized to perceived rather than to physical size. JND/Intensity is the coefficient of variation. It has become common practice to use Weber as a proxy for CoV, but this is an issue here as the authors wish thresholds to vary with perceived, illusory size (which is Weber). The authors should make very clear what they are doing here to avoid confusion. It would be acceptable to state they choose to call CoV Weber fraction in keeping with modern practice.

We now clarify that adherence to Weber is indicated by the constancy of the coefficient of variation, which was normalized to the perceived magnitude to control for differences in possible biases in the perception of magnitude.

> 3\) AQ scores for the ASD group are unusually low: mean of 23, is much lower than the expected mean for ASD (\~35; Ruzich et al., (2015) Measuring autistic traits in the general population: a systematic review of the Autism-Spectrum Quotient (AQ) in a nonclinical population sample of 6,900 typical adult males and females).

AQ is a self-administered questionnaire and thus could be less reliable and less variant within the ASD group. The main purpose of administering this measurement was to screen out those in the TD group who scored high on this measurement. ADOS scores were high for all participants diagnosed with ASD, and the original diagnosis was confirmed, even for those with unexpectedly lower AQ scores.

> 4\) Experiment 1, Methods:
>
> 4.1) How was the starting point of the comparison circle set? Was it always smaller or larger than the standard or randomly determined? Could the starting point of the diameter be related to the consistent underestimation in the TD group.

The diameter of the comparison circle varied across trials, with two possible sizes randomly determined for each trial. One was 10 pixels smaller than the smallest standard and the other 10 pixels larger than the larger standard. We now explain this in the Method of Experiment 1.

> 4.2) Is there a reason participants were instructed to respond as quickly and accurately as possible? I understand the accuracy, but why quickly? Might heightened time pressure lead to increased trial-to-trial variability?

Participants were instructed to reproduce the size of the comparison circle as accurately as possible. The stimuli stayed on screen until responses were received. We apologize for the mistake and have corrected the manuscript.

> 4.3) Make more explicit that way that the Weber Fraction estimates are computed in Figure 1C, using the language from other Experiment 1 variables.

Corrected as suggested (subsection "TD Children and adults").

> 5\) Experiment 1, Results:
>
> 5.1) The statistical reporting in Experiment 1 is rather vague. Multiple F statistics are re-ported, but there is no explanation of the exact test used (one-way, mixed-design, etc.) and no explanation of the factors. Reporting of test and factors, like in subsection "Experiment 3: Weber's law for illusive intensities", is needed for Experiment 1. It is hard to interpret the statistical results without this information; for example, is the claim that there was greater accuracy in ASD, relative to TD observers (subsection "ASD and age- and IQ-matched controls"), supported by a main effect of group in a mixed-design ANOVA on the difference between mean diameter produced and objective diameter? Is this for all TD ob-servers or only the adults? What does the F\<1 in subsection "ASD and age- and IQ-matched controls" refer to?
>
> We have edited the statistical report for Experiment 1.
>
> 5.2) The statistics seem to be incorrectly interpreted sometimes. It is reported that a significant interaction indicates, \"as expected, more accurate estimations for the older observers\" (subsection "TD children and adults"). But according to Figure 1A, it appears that the 4-year old participants are more accurate than the TD adults, for all points tested except the 55.5 diameter (i.e., the 4 year olds lie closer to the physical line for all points but the last one). Why are the TD adults consistently underestimating (i.e., all points lie below the physical size line)? Why are they less accurate than the 4 year-olds TD participants? These serious concerns raise questions about the appropriateness of the adult TD group as a comparison for the ASD group. Add error bars and data markers in the figure.

The TD adults demonstrated a general bias of underestimating diameter sizes. To correct for this bias, we computed the individual estimations considering the overall mean of estimations for each individual. Specifically, the individual estimations for each size were computed as the following: (estimated size -- physical size) -- (perceived grand mean- physical grand mean). TD adults and children demonstrated a "regression to the mean" bias; and as expected, it was larger for the larger magnitudes (Petzschner, Glasauer and Stephan, 2015). Interestingly, the ASD data did not show this bias (Figure 1B).

> 6\) Experiment 2:
>
> 6.1) More information on the analysis is needed. The JND metric is described in subsection "Experiment 2: From vision to touch -- Is Weber's law also violated for haptics in ASD?", and also in subsection "Data analysis", but then a footnote seems to invalidate that description. Were the JNDs based only on the upper part of each psychometric function (footnote 1) or using the formula provided in the text in subsection "Experiment 2: From vision to touch -- Is Weber's law also violated for haptics in ASD?"? If only the upper part was used, the justification for doing so does not seem adequate. This needs to be addressed before a complete assessment of Experiment 2 can be completed.

As in sequential discrimination tasks, enhanced perceptual resolutions appear when perceptual "anchoring" is established (stable internal reference gradually formed by repeated exposures (e.g., Ahissar, 2007). This may explain the differences we found in deviations in the lower versus the upper parts of the functions. However, based on the reviewer's comment, we now report the findings from the whole function. We keep our original comment (Footnote \#1) on this possible response competition.

> 6.2) Experiment 2 is 2AFC yielding a cumulative Gaussian, from which they took 25 and 75% points. Why not use standard deviation (σ), so is can relate directly to the measurement of experiment 1?

Experiments 2 and 3 both used constant stimuli in 2AFC tasks; thus, we computed thresholds in the more common manner. The data of the σ of these functions is presented below.

groupstandardslopedeviationsTD3000.0492570.0342343500.0465320.0318744000.03890.0274954500.0321310.023567ASD3000.0374160.0254163500.0371560.0267344000.0345470.0247984500.0333750.02184

> 6.3) Regarding Figure 2 and Figure 2---figure supplement 1 and Figure 2---figure supplement 2, why do the \"representative subject\" functions in Figure 2 appear to be the least well fit by the functions? The data points fall very neatly on or close to the fit line in the supplementary figures, for almost all subjects, but not at all in Figure 2.
>
> 7\) Experiment 3:
>
> 7.1) The data presented in Figure 3A also raise questions. The fits in both figures look pretty bad given that these are pooled across participants. Also, and more critical, how is it the case that all of the data points lie only at proportions that are evenly spaced (i.e., 1, 0.9, 0.8, 0.7), with no intermediate points? Even if the number of trials dictate that an individual subject\'s data could only be at these values (for example if there are only 10 trials per condition), when averaged across 18 and 21 participants, it is almost impossible to get data points that are always separated by 0.1.

We apologize for the mistakes in the figures. We have corrected them; all fitting procedures are now accurate.

> 7.2) Again, the statistical results are hard to evaluate because it is not clear what was done. Subsection "Experiment 3: Weber's law for illusive intensities" says, \"A mixed-design ANOVA with brightness as a within-subject factor and group as a between-subject factor was carried out on the PSEs and JNDs.\" Then a significant main effect and no interaction are presented for the PSE data. But when the JND results are presented, it is not clear what each F statistic refers to. Was there an interaction? Significant main effects? It reads as if two separate ANOVAs were completed one for the TD group and one for the ASD group, but that would contradict the information presented elsewhere in subsection "Experiment 3: Weber's law for illusive intensities".

We hope the paper now clearly presents the main findings of the interactive effects of group and brightness on JNDs but not on PSEs.

\[Editors\' note: further revisions were requested prior to acceptance, as described below.\]

> Thank you for resubmitting your work entitled \"Perception in autism does not adhere to Weber\'s law\" for further consideration at eLife. Your revised article has been favorably evaluated by three reviewers. The manuscript has been improved. The reviewers feel that you have satisfactorily addressed many issues, but concerns remain regarding the data analysis and some missing methodological details, as outlined below. These are important, as they are the bases for the discussion and conclusions.
>
> Please make sure to provide all methodological details and explain clearly the logic of the analysis. We will make the final decision on your next revised manuscript, without further iterations.
>
> \- In Experiment 1 of the revised manuscript you dropped a participant from the TD adult group, who was included in the original version, because of \"overall extreme underestimation\". You should provide a quantitative justification for doing so. Would the conclusions be the same if this participant were included?

We added a quantitative justification (Subsection "ASD and age- and IQ-matched TD adults"). The pattern of the results remains the same with and without the outlier data (Footnote \#1).

> \- Are the data presented in Figure 1A the actual diameter estimations or the \"bias-corrected\" estimations referenced in the text? You should provide the justification of this bias-corrected estimation procedure, which was not mentioned in the previous version.

Thank you for pointing this. We now make it clear that Figure 1A presents the actual diameters estimations and Figure 1B presents the bias-corrected estimations (Subsection "ASD and age- and IQ-matched TD adults"). We now also more clearly explain the bias-corrected estimation procedure and the reason for implementing this correction before reporting the ANOVA results (Subsection "ASD and age- and IQ-matched TD adults"). The pattern of the main findings is the same with or without the bias correction. We report the original analysis (without the bias correction) in the supplementary information (Appendix 1 and Appendix 1---figure 1).

> \- Are the Weber fractions depicted in Figure 1C computed using the bias-corrected estimates? Are the results the same without this correction? The reported values seem to have increased (roughly doubled?) in this version -- Is that due to the bias-correction procedure?

We understand now that the way we responded to the previous comments was confusing. To clarify, the report and the figures presented in the manuscript are now based on the bias-corrected estimations, but the data without the correction (the original report and the figures) fare also presented in a supplementary file (Appendix 1 and Appendix 1---Figure 1).

> The fractions originally presented were lower because SDs were divided by the radii sizes in pixels. We apologize for the confusion. Now, in both versions, the fractions are computed in terms of the diameters in millimeters. The pattern of results does not change between the two versions, both indicating constant fractions across the different sizes for TD but not for ASD. We have uploaded the data file (Figure 1---source data 1).
>
> \- It reads as if the \"bias-correcting\" procedure is a response to a previous question/concern about the TD group consistently underestimating. For the data to be interpretable, it is necessary to know whether and why this bias correction procedure is necessary only for the TD group (subsection "ASD and age- and IQ-matched TD adults"). How can you assure readers that the results do not hinge on this correction?

We now make it clear that the correction was done in all groups and that it does not change the main findings (Subsection "ASD and age- and IQ-matched TD adults"). Results in the main text are reported in terms of the corrected estimations. The analysis based on the raw estimations provided an identical pattern of results and is reported in the supplementary file.

> \- Looking at Figure 1B in the revised version, it seems that the bias really only exists at the 55.5 data point, but based on Figure 1A, it seems as if the adult TD group is consistently underestimating.

Figure 1A presents the actual estimations and the black dashed line indicates the real physical size. In comparison to the actual diameters, TD individuals indeed exhibited an overall underestimation of the sizes (Figure 1A); however, when corrected for the individual bias, TD adults mainly showed underestimation of the 55.5 mm size (Figure 1B).

> \- Figure for Experiment 2 also changed (though the caption was not marked as changed). Explain how the change came about.

We added a sentence to the figure caption that clarifies that Figure 2 also presents the PSEs for the different weights for the two groups (Figure 2G). We also explain the rational of doing so in subsection "Experiment 2: From vision to touch -- Is Weber's law also violated for haptics in ASD?".
